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Multiphase Layout Optimization for Fiber Reinforced Composites
applying a Damage Formulation∗
Junji Kato1, Ekkehard Ramm2
Summary: The present study addresses an optimization strategy for maximiz-
ing the structural ductility of Fiber Reinforced Concrete (FRC) with long textile
fibers. Due to material brittleness of both concrete and fiber in addition to complex
interfacial behavior between above constituents the structural response of FRC is
highly nonlinear. Consideration of this material nonlinearity including interface
is mandatory to deal with this kind of composite. In the present contribution three
kinds of optimization strategies based on a damage formulation are described. The
performance of the proposed method is demonstrated by a series of numerical ex-
amples; it is verified that the ductility can be substantially improved.
1 Introduction
The layout of reinforcement is usually determined in a traditional way according to the de-
sign standard based on the accumulated knowledge, e.g. engineering experience, experiments,
and workability, and of course on the theoretical background as the basis for structural anal-
ysis. However once the structural problem is highly nonlinear or the objective requested,
e.g. maximizing ductility or eigenfrequency, is beyond the human/engineering experience,
this knowledge does not provide necessarily reliable solution. For such a problem structural
optimization is a powerful tool to obtain a solution.
The present study deals with a new composite material, namely Fiber Reinforced Concrete
(FRC), sometimes also called Textile Reinforced Concrete. This kind of textile fiber is corro-
sion free; this property allows to manufacture light-weight thin-walled composite structures.
However FRC structures show very complex failure mechanisms resulting on the one hand
from the material brittleness of both constituents, fibers and matrix, and on the other hand
from their interface behavior introducing the necessary ductility. The specific characteristic
of FRC is an ideal target for optimization applying the overall structural ductility as objective
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which ought to be maximized for a prescribed fiber volume. In this context the ‘structural duc-
tility’ means ‘energy absorption capacity’ which is measured by the internal energy summed
along entire structure up to the displacement of a dominant control point, see Eq. (12).
The influential parameters on the entire structural response of this kind of composite are (i)
material parameters involved in the interface, (ii) the material layout at the small scale level,
and (iii) the fiber geometry on the macroscopic structural level. Some of these parameters are
taken as design variables for the optimization problem.
For this task we describe three kinds of optimization strategies. The first one is a multiphase
material optimization introduced in KATO ET AL. [4] where the ductility of FRC is maxi-
mized with respect to fiber size, length and the combination of different fiber materials. This
approach is considered as a material distribution problem derived from conventional topology
optimization. However fiber materials are defined only in so-called prescribed ‘design element
layers’, furthermore only straight fibers are allowed.
In order to cure this mesh dependency KATO & RAMM [5] apply so-called embedded re-
inforcement elements for shape optimization problem where the fiber geometry is globally
defined and is the target of the optimization procedure.
These embedded reinforcement elements have been originally introduced by PHILLIPS &
ZIENKIEWICZ [19] and thereafter the model has been refined by many researchers.
The present contribution describes briefly these two optimization strategies, i.e. multiphase
material optimization and shape optimization of fiber geometry. Furthermore the possibility
of the combination of above two strategies, denoted multiphase layout optimization is inves-
tigated with numerical examples. The detailed explanation of this approach will be given in
KATO [6]. The present method is not restricted to FRC but may as well be applied to other
fiber reinforced composites, for example fiber reinforced glass (FRG).
The materials for both concrete and fibers are modeled by a gradient-enhanced damage formu-
lation, see PEERLINGS ET AL. [17, 18], PEERLINGS [16]. For the interface between concrete
and fiber a discrete bond model is applied, see KRÜGER ET AL. [7–9] and XU ET AL. [23].
The optimization problem is solved by a gradient-based optimization scheme.
2 Applied material models
2.1 Material model for constituents concrete and fiber
In this study the nonlinear material behavior of both concrete and fiber is described by an
isotropic continuum damage model. First an equivalent strain measure is defined. For the
concrete matrix and fibers de Vree’s definition (DE VREE ET AL. [22] ) of equivalent strains
εv is adopted as follows
εv (I1, J2) =
k− 1
2k(1 − 2ν)I1 +
1
2k
√
(k − 1)2
(1 − 2ν)2 I1
2 − 12k
(1 + ν)2
J2 , (1)
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where I1 denotes the first invariant of the strain tensor and J2 the second invariant of the
deviatoric strain tensor. k indicates the ratio of compression relative to the tension strength
and ν is Poisson’s ratio. For the damage evolution of both concrete and fiber we use an
exponential damage law introduced by MAZARS & PIJAUDIER-CABOT [14] as
D (κ) = 1− κ0
κ
(
1 − α + αe−β(κ−κ0)) , if κ ≥ κ0 (2)
where D stands for the damage parameter (0 ≤ D ≤ 1), α defines the final softening stage
and β governs the rate of damage growth. κ0 is a threshold variable which determines damage
initiation and κ represents the most severe deformation the material has experienced during
loading. In a conventional local damage model, κ is related to the local equivalent strain εv
and the history variable κ is defined by the Kuhn-Tucker relations, i.e. κ˙ ≥ 0, εv − κ ≤ 0,
κ˙(εv − κ) = 0. For non-local damage, κ is related to a weighted volume average of the
local equivalent strain εv, denoted as non-local equivalent strain ε˜v. In the gradient-enhanced
damage model (PEERLINGS ET AL. [17, 18], PEERLINGS [16]) ε˜v is approximated implicitly
as follows
ε˜v − c∇2 ε˜v = εv , (3)
where∇2 denotes the Laplacean operator and c is a positive parameter of the dimension length
squared regularizing the localization of the deformation. Thus in the Kuhn-Tucker equations
εv is replaced by the non-local equivalent strain ε˜v which is discretized in the finite element
sense. Elastic unloading is included in the traditional way.
2.2 Material model for interface
In this study nonlinear interfacial behavior between fiber and matrix is expressed by a discrete
bond model, see KRÜGER ET AL. [7]. This model was obtained by experiments for differ-
ent textile fiber materials and leads to a realistic interface response of FRC. The significant
factors governing interfacial response are the bond strength and the debonding behavior. The
influence of material properties at a small scale level and the stresses perpendicular to the fiber
direction are included in the material formulation as important parameters. The bond stress -
slip (σiL − uiL) relation is expressed as
σiL = w˜ ·
{
b + (1− b) ·
(
1
1 + w˜R
) 1
R
}
· σ0, for uiL ≤ w1 (4)
where w˜ = uiL/w0 denotes the normalized slip. uiL is the slip length. w0 is a factor defined by
the initial tangent k1. k2 is the tangent at slip w1 (see Fig. 1) where the bond stress achieves the
maximum bond strength. b = k2/k1 and σ0 = k1 · w0 are parameters to calculate the stresses
and R defines the radius of curvature at slip w1. The stress-slip relation for the range uiL > w1
is simply described by the adhesion strength σm and the friction bond strength σf (see Fig. 1),
σm = σm, 0 ψ , σf = σf, 0 ψ (5)
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Figure 1: Discrete bond model
with
ψ = 1 + tanh
[
αr
σR
0.1fc
− αf ν εs
(
1 − r
2
(r + h)2
)−1]
(6)
where ψ denotes an additional parameter (1 < ψ < 2) which considers the influence of the
kind of fiber material, the loading condition and the stresses perpendicular to a fiber direction.
σm, 0 and σf, 0 denote the initial adhesion strength and sliding friction strength, respectively. r
describes a fiber (roving) radius, ν is Poisson’s ratio of a fiber and h is the surface roughness of
a fiber. αr and αf are constants assuming the lateral deformation of a fiber. These properties are
given depending on the kind of fiber material used. fc is the uniaxial compressive strength of
concrete, εs the uniaxial strain and σR defines the stress perpendicular to a fiber. For a detailed
description of this model it is referred to KRÜGER ET AL. [7–9]. In this model loading and
unloading conditions are also considered.
This one-dimensional interface model is originally formulated for a fiber in a three-
dimensional setting. If this model is utilized in a two-dimensional space, the interface has
to be approximated to hold the original total interface area.
3 Multiphase material optimization
3.1 Overview
The present methodology is strongly related to topology optimization, in particular to the Solid
Isotropic Microstructure with Penalization of intermediate densities for a one-phase material,
the so-called SIMP approach (BENDSØE ET AL. [1]; ZHOU & ROZVANY [24]), and to its gen-
eralization to multiphase topology optimization (SIGMUND & TORQUATO [20]), for example
used for composite structures. The development of these methods is briefly described in the
sequel.
It is well known that the ‘0-1’ integer topology optimization problem being a highly non-
convex variational problem is ill-posed. For this many material models providing a regular-
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ization have been developed. The SIMP method is one of them and may be the most popular
model due to its numerical robustness.
In order to classify the present formulation within the multiphase optimization let us summa-
rize the different concepts of material distribution problems (Fig. 2). The SIMP approach,
Fig. 2 (a1) uses the intermediate densities as mathematical vehicle to relax the ill-posed prob-
lem during optimization. The exponent η plays the role of a penalization factor without a
physical meaning eventually leading to a pure or at least an almost pure layout for a single
material structure.
The concept of topology optimization may also be applied to a single material for which
intermediate densities physically exist, for example polymer or metal foams. Here the porosity,
limited by upper and lower bounds, can be used as design parameter which varies in different
regions of the structure, Fig. 2 (a2); the effective modulusCeﬀ is often defined by a power-law
formula, see for example GIBSON & ASHBY [3], where the similarity to the SIMP approach
can be recognized; for an application see LIPKA [10], LIPKA & RAMM [11], in which the
method is used to avoid local buckling in sensitive regions or to increase the overall ductility
of the entire structure.
For a two-phase material the principle of multiphase topology optimization is sketched in
Fig. 2 (b1), in analogy to the SIMP approach; in other words the void phase is replaced by a
second solid material. Again intermediate stages are allowed during optimization applying a
penalized relaxation. Figure 2 (b1) also shows a slight variation where parts of the structure,
for example the matrix, are not elements of optimization. Penalized functions based on the
volume fraction r1/r0 interpolate the material stiffness between those of the two phasesC1 and
C2, see the added interpolation formula rendering the effective stiffness Ceﬀ of the composite
material.
The same concept can be utilized if a material consists of two (or more) phases on a small
scale, for example a material with a certain heterogeneous microstructure composed of sev-
eral phases or a mixture of two sintered powders, this time allowing intermediate stages of
a physically existing smeared material, Fig. 2 (b2). In this case the interpolation represents
the material behavior of a real mixture, macroscopically describing the constitutive behavior
of a material point. Here ηˆ is a fitting variable rather than a penalization parameter, which
guarantees the physically admissible intermediate stage and can be obtained by experiments
or homogenization. The present approach applies this concept, as described in Fig. 2 (b2),
to the fiber layout of a FRC-structure; the two phases are the concrete matrix and the fiber
material.
For simplicity a power-law interpolation is used for the constitutive behavior of the smeared
fiber/matrix material; more refined interpolations may be applied derived through homoge-
nization. After optimization a clear fiber layout is obtained controlled by the volume fractions.
The present study extends this multiphase material optimization to materially nonlinear prob-
lems applying the above described damage formulation with strain softening in order to con-
sider a more realistic physical behavior of FRC. To perform the structural analysis the non-
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Figure 2: Classification of material distribution problems in optimization, (a) single phase material, (b)
multiphase material
linear failure behavior of matrix, fiber and interface is considered. The isotropic gradient-
enhanced damage model is used for both concrete and fibers; numerically integrated interface
elements with the discrete bond model explained above are applied for modeling the debond-
ing between fiber and matrix. Linear kinematics is assumed in this study for simplicity.
3.2 Two-phase model
This section introduces a two-phase material optimization applying the described damage for-
mulation. Since the applied damage formulation includes three extra material parameters,
i.e. initial equivalent strain κ0 and exponential softening parameters α and β shown in Eq. (2)
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Figure 3: Change of stress-strain relation of damage model with respect to one parameter increased
under the condition that all other parameters are kept constant. (a) Young’s modulus E,
(b)initial equivalent strain κ0, (c) (d) softening parameters α and β
in addition to Young’s modulus E for each material, the interpolation of the mixture according
to Fig. 2 (b2) is also applied to these additional parameters, namely
ζ =
(
1− sηˆ) ζ1 + sηˆζ2 , (7)
where ζ represents the effective material parameters of the four parameters described above.
ζ1 and ζ2 stand for the material properties of phase-1 (e.g. concrete matrix) and phase-2
(e.g. fiber), respectively, and are fixed values. The design variable s (= r1/r0) indicates a
‘volume fraction’ of the constituent materials and is a function of the geometrical parameters
r0 and r1 of a design element (see Fig. 2).
A closer look shows that Eq. (7) is not always sufficient to express the interpolation for all dam-
age parameters since they have their own characteristics. In order to understand the features
of the individual material parameters its relation to the present objective f, the structural duc-
tility, is considered. f is the area below the stress-strain curve and increases if either Young’s
modulus E or initial equivalent strain κ0 increases under the condition that all other material
parameters are kept constant, see Fig. 3 (a), (b). On the other hand the ductility decreases
if either one of the softening parameters α or β increases, see Fig. 3 (c), (d). Keeping this
behavior in mind one can define related interpolation rules. It is obvious that Eq. (7) is a rea-
sonable interpolation for the stiffness, namely the effective Young’s modulus if E1 ≤ E2, see
for example BENDSØE & SIGMUND [2]. It is apparent that the stiffer phase-2 has a dominant
influence on the mixture expressed by a gradient at s = 1 than at s = 0, Fig. 4 (a). Since κ0 has
essentially the same tendency it makes sense to use the same interpolation Eq. (7) also for this
parameters, provided κ01 ≤ κ02 . The situation is reverse for both softening parameters α and
β. Assuming again ζ1 ≤ ζ2 phase-1 is the “leading” constituent requiring a larger gradient of
the interpolation function at s = 0; therefore the power law has to be concave and is expressed
by
ζ = (1− s)ηˆ ζ1 +
[
1− (1− s)ηˆ
]
ζ2. (8)
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Figure 4: Interpolation rules and their derivatives with respect to the selected design variable (a), (b)
ζ1 ≤ ζ2 and (c), (d) ζ1 > ζ2
It may happen that for either of the four parameter ζ1 > ζ2. In this case the interpolation
functions (7) and (8) have to be interchanged leading to Fig. 4 (c) and Fig. 4 (d), respectively.
Let us summarize the interpolation rules,
ζ =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
(
1− sηˆ) ζ1 + sηˆζ2 for ζ :
⎧⎨
⎩
E, κ0 (ζ1 ≤ ζ2) Fig. 4(a)
or
α, β (ζ1 > ζ2) Fig. 4(d)
(1− s)ηˆζ1 +
[
1− (1− s)ηˆ
]
ζ2 for ζ :
⎧⎨
⎩
E, κ0 (ζ1 > ζ2) Fig. 4(c)
or
α, β (ζ1 ≤ ζ2) Fig. 4(b)
(9)
Note that it is not necessarily required that the same value of the fitting parameter ηˆ is used
for all four parameters. The detailed description including the extension to a three-phase
composite is referred to KATO ET AL. [4].
4 Shape optimization of fiber geometry
The geometry of a continuous long fiber is defined in the global coordinate. One of the big
advantages of FRC structures is that they do not need thick concrete covers. Furthermore
hooks of textile fibers are not used. Due to these characteristics the layout of textile fibers in
FRC can be rather simple often parallel fibers or a mesh of straight fibers are used. Slightly
curved fibers are advantageous if an optimal structural response is looked for.
4th Colloquium on Textile Reinforced Structures (CTRS4) 345
We approximate the fiber geometry by Bézier-splines, defined as parametric curves by control
points. A quadratic Bézier-spline and its mathematical formulation is introduced in Fig. 5,
where r stands for a position vector of the spline; ϑ (0 ≤ ϑ ≤ 1) is the local coordinate
system of the spline. pj indicates the j-th control point. Of course we could apply another
parameterization allowing more general geometries such as a level set function.
The fiber approximated by Bézier-splines is embedded in the structure and the control points
are moved in order to obtain the optimal fiber layout. The entire domain of structure is defined
in a parametric space s (0 ≤ s ≤ 1), see Fig. 5. Thus the normalized coordinates s of control
points turn out to be the design variables defining the global fiber layout in the physical space.
According to this the j-th position vector of the control point p j can be expressed as follows
rj
(
sxj , s
y
j
)
= O (xˆ, yˆ) +
(
sxj L
x, syj L
y
) (10)
where O stands for the coordinate origin of the structure; xˆ, yˆ are the corresponding global
coordinates of O. L denotes the contour lengths of the structure and the superscripts x, y
on L and also on s indicate the direction. Inserting Eq. (10) into the general mathematical
formulation of Bézier-splines leads to the geometric formulation of a fiber including the design
variables s as follows
r (ϑ, sx, sy) =
nb∑
j=0
Φj (ϑ) rj
(
sxj , s
y
j
)
with Φj =
nb!
(nb − j)! j! ϑ
j (1 − ϑ)nb−j (11)
where nb is the order of the Bézier-spline. Note that the coefficients Φ are independent of the
design variables s. Once the fiber geometry is defined by Eq. (11) the intersections between
the fiber and the fixed finite element mesh can be calculated. It is necessary to determine the
global coordinates for intersections of fibers and mesh in order to establish the stiffness matrix
and afterwards the internal forces of embedded fiber elements. This procedure is detailed in
KATO & RAMM [5].
5 Optimization problem
In general an optimization problem is defined by the objective f (s), equality constraints h (s)
and inequality constraints g (s). In this study the objective is to maximize the structural duc-
tility for a prescribed fiber volume. For simplicity this section introduces a formulation for the
two-phase composite only.
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Figure 5: (a) Quadratic Bézier-spline and (b) concept of global layout of fiber geometry
As the ductility is defined by the internal energy summed along entire structure with a pre-
scribed nodal displacement dˆ (MAUTE [12] and MAUTE ET AL. [13]), the mathematical for-
mulation of the optimization problem can be written as follows
minimize f (s) = −
∫
Ω
∫
εˆ
σ dε dΩ (12)
subject to h (s) =
∫
Ω
s dΩ − Vˆ = 0 (13)
sL ≤ si ≤ sU , i = 1, ..., ns (14)
where Vˆ denotes the prescribed fiber volume, sL and sU the lower and upper bounds of the
design variables, and ns the number of design variables. εˆ stands for the strain tensor after
convergence at each time step in the structural analysis. An optimality criteria method (see
PATNAIK ET AL. [15]) and a method of moving asymptotes (see SVANBERG [21]) are applied
to solve the optimization problems depending on the characteristic of the problem.
6 Numerical examples
6.1 Multiphase material optimization
For the following numerical investigations a bending beam with a fiber reinforcement is cho-
sen as displayed in Fig. 6. The FRC structure is composed of a concrete matrix and four
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Figure 6: Comparison of optimization results using a damage formulation, (a), (a’) two-phase, (b)
three-phase composite
unidirectional fibers at the fixed positions. These fibers consist of a mixture with fibers and
a concrete matrix. The properties of concrete matrix in the fixed domain are not part of the
optimization. In this study phase-1, phase-2 and phase-3 are set to be concrete, AR-glass and
carbon, respectively. Their structural location, material properties and element types are given
in KATO ET AL. [4].
In this section two optimization problems are introduced; one is for a two-phase composite in
which the ‘fiber size’ is the design variable and the other one for a three-phase composite in
which the ‘fiber size’ and ‘fiber material combination’ are the design variables.
For the two-phase composite the design element consists of concrete (phase-1) and AR-glass
(phase-2) in the element. The total fiber volume is set to 4.5% for the entire structure and is
kept constant throughout the optimization process. In the initial stage each design element
layer consists of concrete (50%) and AR-glass (50%).
For the three-phase composite, carbon (phase-3) is considered as a candidate as well in ad-
dition to the aforementioned two materials. The each initial design element layer consists of
concrete (50%), AR-glass (25%) and carbon (25%). The total fiber volume is again set to
4.5% and is kept constant assumed also for the two-phase composite. However the kind of
fiber material is a free variable which is determined through the optimization process. Thus
it is possible that only AR-glass, only carbon or a mixture of both remains in the optimized
structure.
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Fig. 6 shows the results of the optimization procedure for the example based on a materially
nonlinear model. The upper two figures (a) and (a’) indicate the original and optimized fiber
layouts and the final damage distributions for the two-phase composite, respectively, and the
third one (b) shows the result of the three-phase model.
Carbon fibers have in general high strength and stiffness but show brittle behavior in ten-
sion. On the other hand AR-glass fibers have less strength but exhibit more ductile interface
response than carbon. Therefore it is possible to maximize the ductility by considering the
advantage or disadvantage of each material, respectively. In Fig. 6 (b) the carbon fiber of the
lowest layer leads to a stiff structure and the AR-glass fiber in the next layer contributes the
ductile response even after the carbon fiber is damaged. The optimized three-phase composite
dramatically increases the structural ductility. Incidentally, let us assume a structure where
two carbon fibers are embedded at the lower two layers. It is obvious that this structure cannot
be the optimum since carbon fibers do not exhibit such a ductile interface response; see dotted
line depicted in graph of Fig. 6 (b). Consequently this kind of fiber layout has never appeared
in the present numerical investigations.
6.2 Shape optimization of fiber geometry
In this numerical simulation a FRC beam reinforced with four carbon fibers is investigated as
displayed in Fig. 7. The fiber geometry is approximated by a symmetric biquadratic Bézier-
spline, see Fig. 7 (b). The analysis is carried out with a displacement controlled method; the
control point c is at the lower center of the beam. For comparison the structure is optimized
based on either a linear elastic or the damage model. The prescribed nodal displacement
(−y-direction) at the control point c is either 0.005 mm or 0.4mm. The fiber volume is kept
constant (1.4%) during the optimization leading to an initial fiber thickness of 0.4mm. The
detailed description and its structural data are referred to KATO & RAMM [5].
Fig. 8 (a) and (b) show the optimized fiber layouts for linear and nonlinear cases, respectively.
The figure on the right side of Fig. 8 (a) introduces the stress distribution of fibers. After
optimization the two fibers are shifted to the upper part in compression and the two others
to the lower one carrying the tension force, respectively. The two upper fibers wind up with
almost the same location. As a result an increase of 14% of ductility could be obtained.
In Fig. 8 (b) the damage distribution of concrete is displayed; fibers are not yet damaged at
this stage. After optimization one fiber is shifted to the upper part and the three others to
the lower one, respectively. These three fibers prevent the concrete from a premature damage
propagation. As a result an increase of 44% of ductility could be obtained. One could expect
that also the fourth fiber moves to the lower part. This suggests that the achieved solution does
not represent the global minimum, a consequence of the underlying nonconvex optimization
problem.
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Figure 7: Deep beam
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Figure 8: Results of optimization for (a) a linear elastic and (b) a materially nonlinear analysis
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6.3 Multiphase layout optimization
In the previous example each fiber size was invariant during optimization process; this restric-
tion often limits the optimal fiber layouts. This restriction may be avoided by combining the
shape with the multiphase material optimization. In this section the possibility of the combined
optimization method, namely ‘multiphase layout optimization’, is discussed using a hanging
deep beam and splitting plate, see Fig. 9. Here only a summary can be described. The detailed
description will be given in KATO [6].
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Figure 9: Hanging deep beam and splitting plate
Fig. 10, 11 show the optimization results based on a materially nonlinear response for the
hanging deep beam and splitting plate, respectively, where shape optimization and the combi-
nation of shape with a two-phase material optimization are compared. This two-phase material
consists of ‘air’, i.e. no-material (phase-1), and ‘fiber material’ (phase-2); this situation indi-
cates that the fiber size is one of the design variables. Note that fiber size (thickness) is variable
during optimization but is assumed to be constant in space along the fiber length.
The ductility could be increased to a certain degree by applying even shape optimization only,
however it is also found that each lower fiber in Fig. 10 (a) and 11 (a) is not exploited in an
optimal way as in the previous example. In comparison the results of multiphase layout opti-
mization show that the fiber material can move between fibers in space. Structurally significant
fibers get thicker while the others get thinner and eventually almost diminish (no-material). As
a result the ductility was further improved by multiphase layout optimization compared to that
by shape optimization only. It is verified that the multiphase layout optimization is a much
more efficient design varying also the fiber size.
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Figure 10: Comparison of optimization results for hanging deep beam, (a) shape optimization, (b)
2-phase material & shape optimization
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Figure 11: Comparison of optimization results for splitting beam, (a) shape optimization, (b) 2-phase
material & shape optimization
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7 Conclusions
Multiphase material optimization, shape optimization of fiber geometry and the combination
of both methodologies, namely ‘multiphase layout optimization’ were applied for maximizing
the structural ductility of textile fiber reinforced composites.
The two brittle materials, namely concrete matrix and fibers, get the necessary ductility from
the interface behavior of the two constituents. For this objective, it is of course not sufficient
to base the optimization process on a linear material model so that it is mandatory to consider
material nonlinearities in the optimization process.
It was verified in the numerical example of multiphase material optimization that the three-
phase composite using an AR-glass and carbon could optimally improve the ductility of FRC.
However in this first approach fiber materials are defined only in prescribed design elements,
and only straight fibers are allowed.
As a remedy first shape optimization of fiber geometry was developed. It could be shown that
the ductility of FRC could be substantially increased with respect to the geometrical layout
of continuous fibers. However it was also recognized that some fibers could be exploited in
more optimal way from viewpoint of structural engineering. In order to obtain more efficient
designs multiphase layout optimization was developed.
This concept of both above mentioned schemes was discussed in the context with numerical
examples. In these simulations the ductility of FRC could be further improved utilizing the
advantages of both multiphase material and shape optimization. This methodology is suited
to the optimization of other fiber reinforced composites.
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